Abstract Knowledge regarding dispersal patterns in great apes may help in understanding the evolution of dispersal patterns and social grouping in early hominoids, as well as in our own species. However, the social structure and dispersal system of orang-utans (Pongo spp.) remains little understood despite past research. We addressed this question by conducting genetic analyses on a wild orang-utan (Pongo pygmaeus wurmbii) population from the Sabangau peat-swamp in Borneo. We estimated pairwise relatedness among 16 adult individuals using 19 polymorphic microsatellite markers. Mean relatedness among females was significantly higher than in males, irrespective of the relatedness estimator used, following the pattern predicted for male dispersal. Our results support field observations that average dispersal distance for females is less than for males, suggesting that female orangutans are philopatric, whereas males disperse. This contrasts with previous findings from other sites where anthropogenic influences were present. Based on qualitative mitochondrial DNA analyses, it appears that unflanged adult males show some degree of site fidelity compared to flanged males. Thus, male orang-utans may disperse permanently from their natal range once they are fully flanged. Male-biased dispersal and female philopatry in orang-utans differ from those of extant African apes and are more similar to many Old World monkey species. Hence we hypothesize that this system may represent the ancestral state of early hominoids.
Introduction
Knowledge of dispersal patterns is extremely important for understanding a species' social organisation, structure, and reproductive strategies. Dispersal patterns in animals involve either both sexes dispersing or one sex exhibiting philopatry while the other disperses (Ghiglieri 1987; Shields 1989; Steele 1994) . This allows gene flow to occur and prevents inbreeding. Sex-biased dispersal is influenced by resources and mating strategies (Perrin and Mazalov 2000; Shields 1989) . No bias is expected when local competition affects both males and females equally, such as in monogamous systems, as long as female fitness is limited by extrinsic factors such as breeding resources (Perrin and Mazalov 2000) . In polygynous mammal species, males usually disperse, as they compete for females (Greenwood 1980) . Among the African great apes, male chimpanzees (Pan troglodytes) and male bonobos (P. paniscus) are philopatric (Gerloff et al. 1999; Ghiglieri 1987; Pusey and Packer 1987) , whereas females in both species disperse and join other groups, usually permanently. In gorillas (Gorilla spp.), both males and females may be philopatric or both may disperse (Tutin 1996) , but natal emigration is female biased in mountain gorillas (Gorilla gorilla berengei; Pusey and Packer 1987) . These dispersal patterns are very different from those hypothesized for orang-utans (Pongo spp.).
Orang-utans (Pongo spp.) are generally considered semi-solitary (Galdikas 1979) , unlike the other great apes, although they may have evolved from a group-living ancestor, whose males were able to monopolize access to females, leading to a social structure more similar to that of gorillas (Harrison and Chivers 2007; MacKinnon 1971; Utami Atmoko and van Hooff 2004) . Under this scenario, the onset of the El Niño cycles 5 million yr ago (Molnar and Cane 2002) resulted in more severe periods of low food availability, which meant that females had to disperse more widely in search of food and males were no longer able to guard the females effectively. Thus, a nongroup-living lifestyle arose, which is more suitable for habitats where resources are limited and patchily distributed. This hypothesis has been supported by several comparative studies, showing that orang-utans are affected by the availability of food resources (Marshall et al. 2009a; Sugardjito et al. 1987; te Boekhorst et al. 1990; van Schaik et al. 2009 ). The distribution of food resources is also thought to contribute to differences in densities, ranging, activity patterns and life history between the two species of orang-utan, P. pygmaeus from Borneo and P. abelii from Sumatra Knott et al. 2009; MorroghBernard et al. 2009; Singleton et al. 2009; van Schaik et al. 2009; Wich et al. 2009) .
Dispersal patterns in orang-utans remain poorly understood, although this knowledge is required to understand fully their social system. Reasons for the current scarcity of data are low density, solitary lifestyle, and their slow life history, as well as the logistical difficulties of studying orang-utans in the wild. However, field observations suggest that females are philopatric whereas males disperse (Galdikas 1985; Knott et al. 2008; MacKinnon 1974; Mitra Setia et al. 2009; Rodman 1973; van Schaik 2001, 2002; van Noordwijk et al. 2009; van Schaik and van Hooff 1996) . In the Sumatran species, ranges of physically similar females overlap, suggesting that these females are related, and form distinct social clusters in which philopatric tendencies are likely (Singleton and van Schaik 2002) . In contrast, males have much larger ranges than females do, and behavioral observations suggest that they are more nomadic and disperse away from their natal range (Galdikas 1988; Rijksen 1978; van Schaik 1996) . However, on a practical level, it is much more difficult to determine male dispersal patterns directly (Singleton and van Schaik 2001) , as they have much larger ranges and also undergo major morphological changes between adolescence and adulthood.
In addition to estimating dispersal from ranging and behavioral data, genetic methods can now be used to investigate dispersal (Banks et al. 2002; Coltman et al. 2003; Hammond et al. 2006; Möller and Beheregaray 2004; Mossman and Waser 1999; Radespiel et al. 2003) . Genetic data for Sumatran orang-utans suggest dispersal of both sexes (Utami et al. 2002) , as mean relatedness calculated for each sex independently was slightly negative. However, ex-captive orang-utans had been released at this site (Utami et al. 2002) , making interpretation of these genetic data problematic. In contrast, female and male orang-utans from Kinabatangan, Sabah, Borneo, were both highly related, providing evidence that both sexes are philopatric (Goossens et al. 2006) . Reasons for this, as acknowledged by the authors, may be the highly disturbed and fragmented forests in this region, restricting dispersal (Goossens et al. 2006) .
We here address the question of dispersal in orang-utans using genetic data from the Sabangau Forest in Central Kalimantan, an area >5000 km 2 that has not been fragmented and where no rehabilitated orang-utans have been released. Based on field observations that females remain in their natal area and males disperse, we predicted that female orang-utans from Sabangau would be more closely related to each other than males. Results from this study will further our understanding of dispersal patterns and social organization in orang-utans, and potentially in early hominoids.
Materials and Methods

Study Site
We conducted our study in the protected Sabangau peat-swamp forest (5780 km 2 , Fig. 1 ), in the province of Central Kalimantan, Indonesia. The Sabangau Forest holds the largest contiguous population of Bornean orang-utans, estimated at 6900 individuals (Marshall et al. Marshall et al. 2009b; Morrogh-Bernard et al. 2003; Singleton et al. 2004) . Sabangau remains unfragmented, but was selectively logged from 1973 to 2005. There are 5 distinct habitat sub-types, varying in structure and vegetation composition (Page et al. 1999) . We conducted this study in the largest of these habitat types, the mixed-swamp forest, which supports the bulk of the orang-utan population (Morrogh-Bernard et al. 2003) . We conducted field research as part of the OUTROP-CIMTROP multidisciplinary research project within the LAHG (Laboratorium Alam Hutan Gambut: Natural Laboratory for the Study of Peat Swamp Forest), an area of 500 km 2 in the northeast of the Sabangau Forest, which was designated for the purpose of scientific research in 1997. The base camp is located 20 km southwest of Palangkaraya, the provincial capital, at coordinates 2°19′S and 114°00′E.
We collected 1-3 fecal samples from individual orang-utans that we observed in the 9-km 2 study site and 2 nearby areas ( Fig. 1 ). We collected samples each morning when the orang-utans left their night nest, and stored them in 95% ethanol in a refrigerator until further analyses. In total, we collected 65 samples from 35 individuals between 2002 and 2005.
DNA Extraction and Quantification
We extracted DNA using the QIAamp DNA stool Mini Kit (QIAGEN) according to the manufacturer's instructions, and measured the total concentration of target DNA by using a fluorogenic 5′ nuclease assay as described in Morin et al. (2001) . Based on the target DNA concentration, we divided the samples into 4 different categories and adjusted the number of replications required to obtain reliable genotypes (Morin et al. 2001) .
We amplified 19 human-derived and species-specific microsatellites in 4 multiplex reactions (Morf 2009 ). We obtained genotypes for 24 of 35 samples (68%). After excluding individuals that had been sampled multiple times, we obtained genotypes for 19 orang-utans. Of those 19, we excluded 3 individuals that were unknown and for which we could not determine sex. The final data set comprised 16 individuals, of which 6 were females and 10 were males. Dispersal Patterns of Orang-utans We amplified the hypervariable region I (HVR-I), comprising part of the noncoding control region, using primers DLF 5′-CTGCCCCTGTAGTACAAATAAGTA-3′ and NvR_05_R 5′-CCGGAGCGAGGGGAGTAGCAC-3′, resulting in a 574-base pair product. Polymerase chain reactions (PCR) consisted of 1-40 ng of template DNA, 0.25 μM each primer, 0.2 mM dNTPs, 2 μg of bovine serum albumin (BSA; NEB), 2 μl of 10× PCR buffer containing 15 mM MgCl 2 , 0.6 u HotStarTaq DNA polymerase (all Qiagen), and ddH 2 O to a 20-μl volume. We conducted hot-start PCR on a MJ Thermal Cycler (Bio-Rad) with the following cycling scheme: initial denaturation for 15 min at 95°C, 35-45 cycles (depending on the starting DNA concentration) of 94°C for 30 s, 58°C for 30 s, and 72°C for 60 s, followed by a final extension at 72°C for 10 min. Then, we cycle-sequenced PCR products using 1 μl of PCR product, 1.75 μl of 5× sequencing buffer (10 mM MgCl 2 , 400 mM Tris, pH=9.0), 0.5 μl BigDye Terminator v3.1 (Applied Biosystems), 0.4 μM sequencing primer, and ddH 2 O up to 10 μl total volume, with the following cycling scheme: initial denaturation at 95°C for 45 s, 30 cycles of 95°C for 30 s, 52°C for 20 s, and 60°C for 4 min. This was followed by cleaning up the sequencing reaction using 75 μl of 0.2 mM MgSO 4 , in 70% v/v EtOH, and performing capillary electrophoresis on a 3730 DNA Analyzer (Applied Biosystems). We added complementary sequences to a contig and checked sequence identity in Lasergene SeqMan Pro v7.1.0 (DNASTAR).
Statistical Analysis
We first tested the occurrence of null alleles using Microchecker version 2.2.3 to test the suitability of the microsatellite loci (van Oosterhout et al. 2004) . Microchecker provides estimates of null allele frequency (Brookfield 1996) and adjusts allele and genotype frequencies accordingly. We calculated number of alleles per locus, polymorphic information content (PIC), probability of identity, allelic richness (AR), observed (H O ) and expected (H E ) heterozygosity (Table I) , using FSTAT, v. 2.9.3.1 (Goudet 2001) . We assessed deviations from Hardy-Weinberg equilibrium for each locus and allelic linkage disequilibrium for all pairwise locus combinations using exact probability tests implemented in GenePop, v. 3.4 (Raymond and Rousset 2004) . We adjusted critical levels of significance for multiple testing using Bonferroni corrections (Rice 1989) .
Genetic Relatedness Analysis
We assessed the suitability of the 19 loci by rarefaction analysis (Girman et al. 1997), via Popassign, v. 3.9f (written by S. M. Funk, copy provided by B. Goossens, University of Cardiff). First, we simulated dyads of parent-offspring with relatedness (r xy ) of 0.5. Then, we selected loci in random order and estimated r xy for incrementally increasing numbers of loci for the simulated dyads.
We calculated 4 different relatedness indices (Li et al. 1993; Lynch and Ritland 1999; Queller and Goodnight 1989; Wang 2002 ) for all pairs of individuals using SPAGeDi (Hardy and Vekemans 2002) . To test whether there was a significant difference between relatedness of males and females, we used a resampling simulation (Sokal and Rohlf 1995) to produce randomized pairwise relatedness values among both sexes 1000 times using PopTools v. 3.0 (http://www.cse.csiro.au/poptools/) and compared the observed value with the simulated distribution. We used the number of occasions on which the randomized absolute difference between both sex classes was larger than the observed to calculate p-values. To be conservative, we carried out 2 randomization analyses, the first including 15 female and randomly chosen male dyads, and the second including the full data set (15 female and all 45 male dyads). Randomization over 45 male dyads leads inevitably to lower mean relatedness than if it was calculated over 15 dyads only, because more individuals with lower pairwise relatedness are included. We obtained significant results regardless of whether relatedness values were randomized among 15 female and randomly chosen male dyads, or among 15 female and all possible 45 male dyads.
Results
The mean number of alleles over all loci was 4.47 (SD 1.799, Table I ). All loci were in Hardy-Weinberg equilibrium, and we observed no linkage disequilibrium. Expected heterozygosity ranged from 0.453 to 0.851 (mean 0.66, SD 0.122, Table I ). The , rendering it highly unlikely that different individuals with an identical genotype were part of our data set.
The curves of mean pairwise r xy , simulated for r=0.5, and the difference between consecutive r xy values as well as their standard deviations, reached an asymptote at around 8 loci (Fig. 2) . Mean r xy values for 8 and 19 loci were 0.508 (SD 0.152) and 0.518 (SD 0.097), respectively. The differences between consecutive r xy values for 7 and 8 loci, and for 18 and 19 loci, were 0.055 (SD 0.037) and 0.020 (SD 0.012), respectively, implying that the 19 loci were sufficient to assess relatedness reliably.
Relatedness, Maternal Lines and Site Fidelity
Regardless of which estimator we used, mean relatedness among females was significantly higher than in males (Table II, Fig. 3) .
The distribution of haplotypes among males and females allowed us to assess dispersal qualitatively and identify maternal lines among orang-utans sampled in the Sabangau forest. In total, we identified 8 different haplotypes from 19 individuals sampled at the study site (Table III) . There were 6 different haplotypes among males and 4 among females (Table III) . Two unflanged males had the same haplotype as 4 of the females, whereas flanged males shared no haplotypes with sampled females.
Discussion
We investigated relatedness patterns among orang-utans of both sexes in Sabangau, Central Kalimantan to infer dispersal patterns. We found that females were more closely related to each other than males, supporting field observations that females are philopatric and males disperse (Galdikas 1988; Rijksen 1978; Rodman 1973; van Noordwijk et al. 2009; van Schaik and van Hooff 1996) . Mating opportunities seem to be the most likely reason for these differences between the sexes. Males will disperse to take advantage of mating opportunities elsewhere, as male-biased dispersal is predicted when local mate competition exceeds local resource competition, usually under polygynous or promiscuity systems (Clutton-Brock 1989; Gandon 1999; Perrin and Mazalov 2000) . There are fewer female than male Fig. 2 Relationship between the number of loci used and mean relatedness r ± SD (dashed line) and the difference between consecutive relatedness r ± SD estimates (solid line), based on rarefaction analysis with 10,000 simulations of parent-offspring relationships with expected r=0.5.
orang-utans in Sabangau (Morrogh-Bernard unpubl. data), and the combination of fewer females and female philopatry also supports the sex ratio theory, which predicts that both the sex ratio and philopatry will be biased toward the sex that suffers less from local competition (Perrin and Mazalov 2000) .
Male-male competition is high in orang-utans (Utami and Mitra Setia 1995; Utami et al. 2002; Utami Atmoko et al. 2009a, b) and it is therefore more beneficial for males to disperse because, unlike chimpanzees, they do not form cooperative groupings or alliances (Ghiglieri 1987; Morrogh-Bernard 2009; Sugiyama 2004 ; Queller and Goodnight (1989) ; (c) Lynch and Ritland (1999) ; (d) Li et al. (1993) . Utami et al. 2002; Utami Atmoko et al. 2009a, b) . However, our findings do not rule out the possibility that mature unflanged males may incorporate some of their mothers' ranges into theirs and show some degree of site fidelity before dispersing more widely when flanged. Two unflanged males in Sabangau, with a very high pairwise relatedness value to 3 of the resident females (>0.475, >0.526, and >0.813, using the Wang 2002 estimates), revisited the study area several times over 7 yr. We never observed these males mating with any of the resident females. Mothers of 3 unflanged males were also identified at the Kinabatangan site (Goossens et al. 2006) . The authors suggested that these males were delaying dispersal until they were large and ready to flange, but could not rule out that their presence may be due to the fragmented state of the Kinabatangan forest. Two sexually mature unflanged males (ca. 16 yr and >20 yr old, respectively) from Ketambe were also seen in their natal range ), although the forest in Ketambe is not fragmented. When male chimpanzees are on their own, they concentrate their range use near the area where their mother ranged when they were dependent (Murray et al. 2008) . This solitary ranging may allow males to avoid direct competition from conspecifics, but foraging in familiar areas also maximizes foraging efficiency. The same may be true for unflanged male orang-utans, as aggression from relatives is likely to be lower, and so they may return to their natal range when food resources are low. However, once flanged, returning to their natal range when resources are low may not be worthwhile because of fewer mating opportunities. More data are needed before we can confirm whether mature flanged males disperse permanently from their natal range, or whether they too show signs of site fidelity. Our findings confirm that female orang-utans are philopatric. Remaining philopatric is advantageous for females, as it allows the formation of long-term associations with female kin (Wrangham 1980) and increases reproductive success (Pusenius et al. 1997; Pusey 1987) . Females may also benefit from remaining in their natal range, as they can access known and valuable resources. For example, access to known resources is an important factor underlying maintenance of core areas in female chimpanzees (Williams et al. 2002) .
However, orang-utan philopatry can be best described as loose-knit, as females are more solitary owing to the lower availability of fruit, which makes up the (Singleton and van Schaik 2002) . Spatial patterns between parent and philopatric offspring in nonterritorial systems are described as "spatial clustering of families" (Moses and Millar 1994) . Clusters are more visible in the Sumatran species owing to higher forest productivity (MacKinnon et al. 1996; Marshall et al. 2009a; Rijksen and Meijaard 1999) . The petal hypothesis (Morrogh-Bernard 2009), which explains differences in the clustering patterns of female orang-utans, predicts that in areas where keystone food resources are more dispersed and orang-utan densities are higher, related female home ranges will overlap more, compared to areas where food resources are more evenly distributed. These are important factors that may influence the level of female philopatry occurring in different orang-utan populations. Orang-utan dispersal patterns differ from those in other extant great apes, which split from the orang-utan's ancestors ca. 11-13 Mya (Glazko and Nei 2003; Stauffer et al. 2001) . Chimpanzees exhibit male philopatry, possibly because of higher reproductive success from forming alliances whereby males form cooperative hunting groups that also participate in territorial defence (Boesch 2002; De Waal 2007; Ghiglieri 1987; Mitani, et al. 2002; Mitani and Watts 2001) . In general, territorial species show higher levels of male philopatry, as coalitions are needed for territorial defence (Nagy et al. 2007; Shields 1989) . Orang-utans, by contrast, are not territorial and have never been observed to hunt, so a switch to a male-biased philopatric system was not necessary.
Orang-utan dispersal is more similar to that of many Old World monkey species, e.g., baboons (Papio ssp.) and vervets (Chlorocebus aethiops) (Alberts and Altmann 1995; Cheney and Seyfarth 1983; Pusey and Packer 1987) . Like orang-utans (Larsen 2003) , but unlike chimpanzees, these species are characterized by pronounced sexual dimorphism, which occurs in species with high male-male competition (Mitani et al. 1996; Plavcan 2001; Plavcan and van Schaik 1997) , including orang-utans (Utami and Mitra Setia 1995; Utami et al. 2002) . The fact that the orang-utans' extinct ancestors Khoratpithecus piriyai (7-9 Mya; Chaimanee et al. 2004) and Lufengpithecus chiangmuanensis (10-14 Mya) also exhibit characteristics of strong sexual dimorphism (Chaimanee et al. 2003) , suggests a male-biased dispersal system for these species, and may resemble the dispersal system of early hominoids. assistants who helped in collecting samples: Ahmat, Santi, Twenty, Thomas, Zeri, Ari, Darsono, Otto, Iwan, Sahdo, Mark Harrison, Carly Waterman, and Nick Marchant, for all their hard work in the field. We also thank Maria van Noordwijk, Serge Wich, Mark Harrison, and Simon Husson, who commented on earlier drafts of this manuscript. We are indebted to the editor of this journal, Joanna Setchell, and 2 reviewers who provided very useful comments that improved the manuscript. We also thank Claire McLardy, who helped with the CITES and Benoit Goossens and Michael Bruford for their help and advise in undertaking this project. Samples were transferred from Indonesia to the UK under CITES permit 06968/IV/SATS-LN/2005 and reexported to Switzerland under permit 290569/01 (UK).
